Abstract: This paper presents an analysis of thermal interaction between a building and surrounding soil. The examined building was located in southern Poland. Measurements of selected indoor and outdoor air temperature parameters were made in order to determine the boundary conditions. The soil temperature measurements were conducted at 42 points. The analysis of results is divided into four periods: summer, autumn, winter, and spring. The analysis show that weather conditions significantly affect the temperature in soil, but the range of residential building impact decreases with distance, and it varies depending on the season. The residential building impact on the soil temperature is in the range of 1.2-3.3 m. This paper also includes a study of the heat flow direction in soil and a quantitative estimate of heat exchange between a building and the soil. The greatest energy losses 2082 kWh (21.24 kWh/m 2 ) from the building to the soil were recorded in winter. In spring, the energy losses were reduced by about 38% as compared with the energy losses in winter, and the energy losses in spring were comparable to autumn.
Introduction
The impact of various factors on the environment, over the last few years, has become a major issue. One of the factors that affect the world surrounding us is housing. A dynamic development of construction materials and housing technology improvement has made the buildings significantly more energy efficient [1] [2] [3] . A number of standards and legal provisions that determine requirements regarding efficiency and energy consumption of buildings have been created taking into consideration innovative technical solutions. The need to reduce energy has justified using facilities plunged into soil. Soil thermal accumulation and high soil thermal inertia may stabilize internal air temperature and the temperature of compartments that directly touch soil [4] [5] [6] [7] . Within the field of energy development, the use of unconventional energy sources has also changed. During the last decade, the use of renewable energy has grown from 250% to as high as 450%, depending on the world region [7] .
The temperature variation amplitude in a non-built-up area depends mainly on the air temperature, and also on the land cover, inclination, and exposure. The impact of these factors is strongly noticeable in underground buildings. These types of buildings potentially reduce energy demand, in comparison to conventional above ground buildings, by exploiting the advantage of soil temperatures and ground cover as insulation [8] . The surface soil layer has the greatest temperature variation amplitude, and at the depth of about 10 meters the soil temperature is roughly equal to the average air temperature in a given area [9] . The soil temperature distributions in the vicinity of heated buildings are more complex because they are affected by an additional factor which is the heat stream from the building. The heat exchange between the building and the surrounding soil has some contribution to the building energy balance. This issue is also addressed in numerous calculation-based studies. Numerical methods help to understand the phenomenon of heat exchange from the ground to hypothetical buildings [10] [11] [12] .
The detailed estimation of heat gains and losses caused by the heat interactions between the building and the soil is a complex task. The heat exchange with soil is a three-dimensional and non-stationary phenomenon [13] . Large phase delays, which are caused by the high heat capacity of soil and temperature variation depending on the conditions at the surface, are the basic factors affecting the complexity of the analysis. Contemporary standard methods [9] are based on a quasi-stationary method developed by Hagentoft in the 1980s which requires many simplifications that make it impossible to determine the heat exchange streams between the building and the soil at every moment.
The subject of heat exchange in soil has been studied, inter alia, by Radoń et al. [14] , Nawalany et al. [15, 16] , Staniec [17] , Martin and Canas [18] , Janssen [19] , Deru [20] , Popiel and Wojtkowiak [21] , Larwa and Kupiec [22] , and Staszczuk et al. [23] . In recent years, the issue of soil temperature has been very important to the design of heat pumps and soil heat exchangers which is also reflected in numerous studies [24] [25] [26] [27] [28] [29] . Depending on the purpose of a building, the surrounding soil can be a heat receiver or a heat source. Winter is particularly important because the cooled soil in the surroundings of a building increases the heat exchange and the energy demand of the building. Regardless of the heat gains and losses from soil, the range of interactions of these processes is spatially limited [30] .
The objective of the paper is to analyze the soil temperatures in the surroundings of a residential building. The results of the study can be used to determine the thermal changes in soil and the soils response to the ambient temperature changes of seasons.
Materials and Methods
The subject of the study was a residential building in southern Poland. It was a masonry, single-storey building with a usable attic, on a 60 cm wide continuous footing, 24 cm thick reinforced-concrete foundation walls cast in situ using C16/20 concrete, and 36 cm thick insulated solid outside walls with a heat transfer resistance of R = 3.35 W·m −2 ·K −1 . The roofing was made of cement tiles.
The macroscopic examination of soil showed a 2.5 m thick clay layer under a 0.2 m humus layer. The groundwater table was 6 meters below the ground level.
The soil temperature measurements were conducted in 42 points ( Figure 1 ) using PT100 sensors (0.1 • C measuring resolution). The indoor (Θ i ) and outdoor (Θ e ) temperature and relative humidity measurements were made using portable Voltcraft loggers (0.1 • C; 1% measuring resolution). The heat exchange with soil was calculated based on the soil temperature 10 cm below the floor and the indoor air temperature using the following equation:
In Equation (1), Θ i is the indoor air temperature, [K], Θ g if the soil temperature interpolated linearly between points (A1-D1), [K], λ s is the soil thermal conductivity coefficient assumed at 1.9 W/mK, [EN ISO 6946], R si is the thermal resistance coefficient assumed at 0.14 m 2 K/W, and 0.1 is the soil temperature 10 cm below the floor.
The data distribution normality was verified using the Shapiro-Wilk test. The results showed that the soil temperature data did not have a normal distribution. Consequently, further statistical analysis was based on a nonparametric Kruskal-Wallis test at the α = 0.05 significance level.
Results
The studies showed that the indoor temperature was in the range of 19.2-25.9 • C, and the outdoor temperature was in the range of −20.4-30.1 • C. The average annual value of solar radiation was 200.0 W/m 2 . The average value of the relative humidity of the internal air was 60.6%, whereas, the average value of the relative humidity of the external air was 74.0% ( Figure 2 ). 
Summer Season

Autumn Season
During the autumn season (Figure 4) , the building was constantly heated. The average temperature in November in line E for all depths was 2.5-3 • C higher than the temperature in the same line at the end of the winter period. A temperature difference was also recorded between the line located nearest to the foundation (E) and the farthest to the foundation (N); this difference was 1.7-2.0 • C. The outdoor temperature gradually dropped in November and December, and the soil responded. The first level, located at the depth of 0.10 m, showed a temperature drop of 3.3-3.5 • C, depending on the distance to the building. At the deepest level (1.00 m), the temperature drop was 2.2-2.7 • C. The average temperature difference between the extreme depth levels was 3.1-4.4 • C in November and 4.1-5.2 • C in December.
Winter Season
The average temperature in January in line E for all depth levels was 3.6-8.5 • C. The temperature increased by about 3.0 • C, (7.8-8.3 • C) in early March. A temperature difference was also recorded between the line located nearest to the foundation (E) and the farthest to the foundation (N). This difference was on average 1.7-2.3 • C (January), 2.9-4.4 • C (February), and 3.6-3.8 • C at the end of winter during the first days of March. The temperatures at the levels of the study gradually dropped during the winter period ( Figure 5 ).
Spring Season
The temperature range in April in line E for all depth levels was 5.5-16.0 • C. The temperature fluctuated during that period, dropping and rising alternately, however, it slowly increased as the air grew warmer. A temperature difference was also recorded between the line located nearest to the foundation (E) and the farthest to the foundation (N); this difference was on average 3.1-3.2 • C in April and May (Figure 6 ). At the end of spring in June, the difference was 2.2-4.1 • C in the lines at individual depths. During the spring season, the temperature rises on average by 5.2 • C at the 0.10 m level. The temperature increase at the deeper levels is less, i.e., 1.5-2.7 • C. At the deepest level (1.00 m), at the beginning of the period, the temperature increased by 1.3 • C. By the turn of May to June, all temperatures increased by 2.2-2.5 • C, depending on the distance from the building. The temperature difference between the extreme depth levels (0.10 m and 1.00 m) for the whole spring period was 3.5-10.3 • C.
Soil Temperature in Measurement Lines and Levels
The detailed analysis of temperatures in soil allowed determination of the impact of the building on the temperature in the surrounding soil ( Figure 7) . The temperatures gradually dropped in November and December. The temperature difference between the extreme depth levels was 3.1-4.4 • C in November and 4.1-5.2 • C in December. During the winter period, the soil temperature dropped further by 0.2-0.4 • C in lines I-N located farthest from the building foundation. However, in lines nearest to the foundation (i.e., E-H) the soil temperature increased by 0.2-1.0 • C on average. During the spring, the soil temperature increased by 2.2-2.5 • C, depending on the distance from the building. No significant impact of the building on the thermal conditions in surrounding soil was determined during the summer period. 
Heat Exchange with the Ground
The analysis of heat exchange between the building and the soil indicates that the thermal energy gains from the soil under the floor and in the immediate surroundings of the building occurred only in the summer period when the central heating was inactive. The soil heated during the day and gave up heat at night. The total heat gains from the soil during the summer were 16 kWh (0.15 kWh/m 2 ) (Figure 9 ). During the autumn, winter, and spring periods the soil received the heat. The greatest energy losses from the building to the soil were 2082 kWh (21.24 kWh/m 2 ), which were recorded during the winter period. During spring, the heat losses to the soil dropped by 38% as compared to winter and were 1294 kWh (13.20 kWh/m 2 ). The heat exchange with soil in autumn was similar to that in spring. The heat losses to the soil were lower by 150 kWh (1.53 kWh/m 2 ) than in spring. The thermal distribution of isolines under and in the surroundings of the building and the heat stream flow directions for four periods are presented in Figure 10 . 
Discussion
During the autumn and winter, when the temperature difference between the soil zones near the building and farthest from the building was the greatest, the heat exchange between these zones was intensive. The heat stream flow direction during autumn and winter in the zone outside the building was upwards, from the deeper layers to the air. The situation was the opposite during the summer, i.e., the soil from deeper layers received heat from higher layers.
The heat stream flow directions during the autumn and winter indicate the need for a reduction of heat flow from the building to the outdoor zone which should make the energy management more rational and improve the building comfort and use. During the summer, the building may be a heat receiver because its temperature is much lower than the ambient temperature [31] . The studies conducted in the last decade have generally focused on the soil temperature in the closest surroundings of buildings, mainly in the vertical cross section [32, 33] . The range of the building's impact on soil can affect the energy management of neighboring buildings. This can lead to the accumulation of heat outflow from the building which in favorable spatial conditions could be used, for example, to feed the lower heat pump source and increase its energy efficiency [25] . The results obtained from the field tests can be used to validate the calculation models and facilitate the design of devices that are based on the energy accumulated in soil [30, 33] . The knowledge of the thermal impact of a building and other technical infrastructure items related to the temperature distribution in soil will allow a correct management of intensively built-up areas.
Conclusions
This study indicates that the role of soil in the energy management of a residential building varies during the year. The soil temperatures depend on the outdoor air temperature and the indoor air temperature. The surface soil layer is the most sensitive to changes of the outdoor air temperature. The amplitude of soil temperature fluctuations during the period of study varied depending on the measurement point and was in the 0.6-22.6 • C range. The highest temperature during the entire period of study (22.6 • C) was in line A at a depth of 0.10 m closest to the foundation of the heated building. The lowest temperature (0.6 • C) was recorded at a depth of 0.10 m in line F, 9.0 m away from the building. During winter and spring, the soil surrounding the building is a heat receiver, whereas, during autumn the soil gives up the heat accumulated during warm summer days. The largest share of soil in the heat exchange is during winter and is 38% higher than during spring and autumn. The range of the building's thermal impact on the soil varied from 2.00 m to 3.30 m and depended on the season and depth. The greatest range of the building's thermal impact was recorded in autumn, 3.30 m away from the building. The least range was recorded at the end of the spring period, 2.00 m away from the building foundation.
The obtained test results are not universal, as they concern only the case study. As mentioned above, the conducted tests will be used to validate the calculation model, based, for example, on the numerical method of elementary balances, which can be used for various boundary conditions. As a result, it will be possible to use the research developed in a universal manner for different climate zones.
